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We perform scanning gate microscopy on individual suspended carbon nanotube quantum dots.
The size and position of the quantum dots can be visually identified from the concentric high
conductance rings. For the ultra clean devices used in this study, two new effects are clearly
identified. Electrostatic screening creates non-overlapping multiple sets of Coulomb rings from a
single quantum dot. In double quantum dots, by changing the tip voltage, the interactions between
the quantum dots can be tuned from the weak to strong coupling regime.
I. INTRODUCTION
Quantum dots have been proposed as one of the build-
ing blocks in future quantum information processing
schemes1. Carbon nanotube quantum dots are especially
attractive because they are expected to have a long spin
relaxation time2, which makes them preferable for quan-
tum bits using the electron spin. Understanding and
controlling quantum dot behavior is crucial for potential
applications. To this end, electrical transport measure-
ments have been widely used to probe the energy levels
of single and coupled quantum dots3–6. However, this
type of measurement lacks information on the real space
structure of the quantum dot system. Scanning tunneling
spectroscopy was also used to provide atomic resolution
images of the wavefunctions in quantum dots7 but special
techniques are needed to simultaneously perform electri-
cal transport measurements8. Scanning gate microscopy
(SGM) is a more versatile technique for probing quantum
dots in carbon nanotubes because it does not require a
conducting substrate9–13.
SGM is a powerful technique for probing quantum sys-
tems because it only requires that the tip is capacitively
coupled to the system being probed. It does not re-
quire a tunnel current or physical contact. Therefore the
method has been used to probe a wide range of systems
from semiconductor two-dimensional electron gases14 to
graphene quantum dots15,16. In SGM, the charged tip
acts as movable gate and the conductance through the
device as a function of tip position is recorded. As the
tip scans over the nanotube, it perturbs the local band
structure causing the energy levels on the quantum dot
to change. The changing energy levels on the nanotube
lead to a varying number of electrons and hence changes
in the conductance. The resulting two-dimensional con-
ductance map shows the location and size of the quantum
dot structures.
Previous SGM measurements of carbon nanotubes
used devices fabricated on SiO2 surfaces, which had many
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charged impurities, which resulted in a complicated elec-
trostatic environment9–13. As the tip scanned over the
sample, it not only affected the nanotube, but also mod-
ified charge states of nearby impurities. Hence, the SGM
maps represented a mixture of intrinsic properties of the
nanotube quantum dots and complicated perturbations
from the environment. To overcome this limitation, we
performed SGM measurements of suspended ultra clean
carbon nanotubes17,18. From the SGM maps, we can
clearly see the location and size of single and multiple
quantum dots, without complications due to the sub-
strate. By changing the voltage applied to the tip, we
can also modify the coupling strength between the dou-
ble quantum dots.
II. DEVICE FABRICATION
Figure 1(a) shows a schematic diagram of the exper-
imental setup. A trench of 600 nm deep and 0.5 to
1.5 µm wide is predefined in a Si/SiO2/Si3N4 wafer.
Source, drain, and gate electrodes are written with photo-
lithography followed by deposition of Pt metal as elec-
trodes19,20. Small windows, 1.5 µm by 1.5 µm, are pat-
terned in photoresist near the edges of the trench and
ferric nitrate is dispersed as the catalyst for nanotube
growth. Carbon nanotubes are grown by chemical vapor
deposition using a mixture of argon gas bubbled through
ethanol and hydrogen at 825 ◦C. This is performed as
the final step of sample preparation to avoid surface con-
tamination17,18. Some of the nanotubes will grow across
the trench forming a working device. We use electrical
transport measurements at room temperature to identify
conductive devices and Raman spectroscopy to select de-
vices with only a single carbon nanotube. The sample
is transferred to an ultrahigh vacuum system and cooled
down to 4 K for the SGM measurements. In this paper,
we report measurements on two typical types of devices,
the first is a single quantum dot and the second is a con-
trollable double quantum dot.
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FIG. 1. Scanning gate microscopy setup and electrical trans-
port measurements. (a) Schematic of the experimental setup
showing the electrical connections to the nanotube and the
tip. (b) Conductance of a nanotube as a function of gate
voltage at 4 K. (c) and (d) zoom in to the hole side and elec-
tron side of (b), respectively.
III. EXPERIMENTAL RESULTS
Figure 1(b) shows an electrical transport measurement
of a single quantum dot device at a temperature of 4 K.
The conductance through the nanotube is measured by
applying an AC voltage of 0.4 mV to the nanotube and
measuring the resulting current using lock-in detection.
This device has a 500 nm wide trench. Due to hole doping
from the Pt electrodes, the upper edge of the nanotube
valence band is lined up with the Fermi level of the elec-
trodes21. This can be seen from Fig. 1(b), where the
onset of conduction through the valence band starts near
zero gate voltage, while transport through the conduction
band does not start until a gate voltage of nearly +5V.
Looking at the electrical transport through the two dif-
ferent bands, we observe very different behavior. For the
hole side (Fig. 1(c)), we observe Fabry-Perot type oscil-
lations22 with a high average conductance. This is a sign
of very transparent contacts between the valence band of
the nanotube and the Pt electrodes. In contrast on the
electron side (Fig. 1(d)), very regular Coulomb block-
ade peaks can be seen, indicating much higher tunneling
barriers to the conduction band. The regularity of both
the Fabry-Perot oscillations and the Coulomb blockade
peaks implies that the nanotube is free of defects and
behaves as a single quantum dot.
Figures 2(a)-(d) show spatial maps of the conductance
through the nanotube plotted as a function of tip po-
sition. Bright color means high conductance and dark
color the opposite. In order to obtain these images, the
nanotube is held at ground with a small AC voltage (0.4
mV) applied across it. The tip with a fixed voltage ap-
plied to it is raster scanned 200 nm above the nanotube.
The conductance through the nanotube at each tip posi-
tion is recorded with a lock-in amplifier and displayed as
the two dimensional images shown in Figs. 2(a)-(d). All
of these images were acquired with a gate voltage of +8
V, i.e. in the Coulomb blockade regime on the electron
side. However, the tip voltages varied from -1.5 V in Fig.
2(a) to +2 V in Fig. 2(d). The position of the nanotube
is indicated by the solid horizontal line in Fig. 2(a), and
the edges of the electrodes are shown by the two verti-
cal dashed lines. The distance between the electrodes is
500 nm. A set of concentric rings resulting from a sin-
gle quantum dot is clearly seen in Fig. 2(a), with the
tip voltage at -1.5 V. The rings indicate positions where
the number of electrons on the nanotube quantum dot
changes by one. The tip induces charge on the nanotube
due to its voltage and the capacitance between it and the
nanotube. Therefore, since the tip voltage is held con-
stant, the rings represent locations of constant induced
charge or capacitance. When the tip moves from left to
right along the center line approaching the position of
the nanotube, an electron is removed from the quantum
dot each time it crosses a ring. After passing the center
of the rings, electrons are added to the quantum dot each
time the tip passes over a ring.
When the tip voltage is increased from -1.5 V in Fig.
2(a) to +0.8 V in Fig. 2(b), the SGM image changes
completely. The circularly symmetric rings in Fig. 2(a)
shrink and become elliptical at the center of the image
while two new side rings emerge. When the tip voltage is
further increased to +1.2 V in Fig. 2(c) and +2 V in Fig.
2(d), the side rings grow and the center rings eventually
disappear. To understand the evolution of behavior from
Figs. 2(a)-(d), we need to find the induced charge on the
nanotube as a function of tip voltage and position. The
tip has two effects; (1) it induces charge on the nanotube
due to its capacitive coupling. (2) It screens the effect
of the underlying gate electrode. Due to screening of the
gate by the tip, even with zero tip voltage, the nanotube
behaves as if a voltage that is opposite to the gate volt-
age is applied to the tip. In the case of Fig. 2 (+8 V
gate voltage), zero voltage on the tip is effectively a neg-
ative tip voltage for the nanotube. The presence of the
large source and drain electrodes reduces the screening
effect of the tip when it is over the electrodes. So the
tip is effectively more negative in the center of the trench
than above the electrodes (see Fig. 2(e), blue curve). In
Fig. 2(a), the tip voltage is -1.5 V, so the tip always re-
moves electrons from the nanotube. However, when the
tip voltage is positive [Figs. 2(b)-(d)], the applied posi-
tive voltage competes with the effective negative voltage
due to the screening of the gate (see Fig. 2(e), red curve).
This makes the tip positive above the electrodes and neg-
ative above the trench. So as the tip moves closer to the
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FIG. 2. SGM images of transport through a single quantum dot and maps of induced charge. (a) to (d): SGM maps of a single
quantum dot device. All images were taken at the same gate voltage (+8 V) but with different tip voltages. The tip voltages
are as follows (a) -1.5 V, (b) +0.8 V, (c) +1.2 V and (d) +2 V. Dashed lines in (a) represent the edges of the trench. The
solid line indicates the nanotube. (e) Qualitative evolution of the screening effect of the gate by the tip (blue curve) and tip
by the electrodes (red curve), as the positively charged tip scans along the nanotube. (f) to (h): Maps of induced charge on
the nanotube corresponding to (b) to (d). Numbers on the color bar only have a relative meaning (i.e. areas in the map with
green color have one more electron than areas with yellow color). All scale bars are 500 nm.
center of the side rings, more electrons are added onto
the nanotube; on the other hand, as the tip moves closer
to the center of the middle ring, more electrons are re-
moved from the nanotube. Maps of induced charge on
the nanotube shown in Figs. 2(f)-(h), corresponding to
Figs. 2(b)-(d), clearly show the opposite behavior of the
side and middle rings. There are always fewer electrons
in the center ring compared to the side rings.
Now that the effect of the tip is understood for a sin-
gle quantum dot system, we examine how it can be used
to control the coupling in a double quantum dot device.
Figure 3(a) shows an electrical transport measurement
at 4K of a device with a 1.5 µm wide trench. Compared
with the device in Fig. 1(b), it has lower conductance
and Coulomb blockade peaks appear on both sides of
the band gap, implying very opaque tunnel barriers at
the contacts for both electrons and holes. The Coulomb
blockade peaks are not regularly spaced as in Fig. 1(d),
which implies the nanotube consists of more than one
quantum dot in series. The SGM image in Fig. 3(c)
(gate voltage is -2 V and tip voltage is 1 V) clearly con-
firms this conclusion as it can be viewed as two sets of
rings superimposed on each other, where each set origi-
nates from a single quantum dot. Since the two quantum
dots are in series, there is non-zero conductance only at
points when the two sets of rings intersect, where both
of the dots are conductive. This results in the pattern
seen in Fig. 3(c) showing isolated points of conductance.
When the tip voltage decreases to -2.4 V [Fig. 3(d)],
the SGM pattern evolves from isolated points to a series
of avoided crossings. This transition occurs when the
coupling between the two quantum dots increases from
weak to strong6,23. The tip is now used to not only image
the quantum dots but also control the coupling between
them.
We can understand how the tip controls the double dot
coupling from the band diagrams shown in Figs. 4(a)
and (c), corresponding to the weakly and strongly cou-
pled case respectively. In Fig. 4(a), gray dashed lines
represent the edges of the valence and conduction bands
with zero gate voltage applied and no tip present. At the
contacts the Fermi level is pinned to the valence band
while near the center of the trench the nanotube is un-
doped. The green dashed lines represent the effect on
the bands when -2 V is applied to the gate. Its effect
is strongest for the center portion of the nanotube, and
gradually decreases to zero near the contacts due to pin-
ning and screening by them. Now the tip with +1 V
applied is brought above the nanotube. As explained in
the first part of this paper, the applied voltage on the tip
and screening of the gate by the tip work together since
they are both positive in the case of Fig. 4(a), so the
tip is positive as seen by the nanotube. A positive tip
will push down the bands as shown by the red dashed
lines, which represent the effect of the tip. Combining
the two effects (green dashed lines and red dashed lines)
together, the final band edges are shown as the blue solid
lines. Near the valence band edge, there are two quan-
tum dots, which are weakly coupled because of the large
barrier in the middle.
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FIG. 3. Electrical transport and SGM measurements of a
double quantum dot. (a) Conductance of double quantum
dot device as a function of gate voltage at 4 K. (b) SGM map
of the device with gate voltage at 3 V and tip voltage at -1
V. (c) SGM map with gate voltage at -2 V and tip voltage at
1 V. (d) SGM map with gate voltage at -2 V and tip voltage
at -2.4 V. Scale bars in all images are 500 nm.
We can simulate the SGM image of a weakly coupled
double dot system (shown in Fig. 4(b)). In the simula-
tion, two quantum dots are capacitively coupled, with a
small interdot capacitance representing weak coupling23.
Conductance through the double dot depends exponen-
tially on the energy difference between the source-drain
Fermi energy and the energy of the next available electron
level of each dot. So the conductance is exponentially
suppressed except when both dots have their next avail-
able electron level lined up with the source-drain Fermi
energy. This implies that the double quantum dot only
conducts when tip induces a changing number of elec-
trons on each dot, i.e. when the conductance rings inter-
sect. The simulated SGM image in Fig. 4(b) agrees well
with the experimental SGM image in Fig. 3(c). On the
other hand, when the tip voltage is -2.4 V, the behavior
changes. In this case, the applied negative tip voltage ex-
ceeds the effective positive voltage resulting from screen-
ing of the gate, so the net tip voltage is negative as seen
by the nanotube. This works together with the negative
gate voltage to push up the bands resulting in a strongly
coupled double dot system. In the simulation, the inter-
dot capacitance is set high to represent the stronger inter
dot coupling, giving rise to a series of avoided crossings
as shown in Fig. 4(d), which agrees well with the experi-
mental image in Fig. 3(d). So far, we have only discussed
the behavior when negative gate voltage is applied to the
device. When positive gate voltage is applied and the
bands of the nanotube are pulled down enough, the left
and right quantum dots start to couple through the con-
duction band and Klein tunneling6,24 turns them into a
well-coupled double quantum dot system. This can be
seen from the SGM image in Fig. 3(b) with +3 V gate
voltage.
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FIG. 4. Explanation of double quantum dot control and simu-
lated SGM images. (a) Band diagram for tip-induced weakly
coupled double quantum dot. Gray dashed lines represent the
band edges with zero gate voltage and no tip present; green
dashed lines represent the effect on the bands when -2 V is
applied to the gate; red dashed lines represent the effect of
a +1 V tip; blue solid lines are final band edges with these
two effects taken into account. (b) Simulated SGM map for
a weakly coupled double quantum dot. (c) Band diagram for
tip induced strongly coupled double quantum dot. The dif-
ferent lines have similar meaning as in (a). Notice the red
dashed lines are now upward due to a negative tip voltage (-
2.4 V). (d) Simulated SGM map for a strongly coupled double
quantum dot. Scale bars are 500 nm.
IV. CONCLUSION
In conclusion, we have presented scanning gate mi-
croscopy images of ultra clean nanotube quantum dots.
We demonstrated the ability to observe quantum dot
structure in real space and also the ability to control
the coupling strength between multiple quantum dots in
series. Future work should be done to bring the effect of
the tip to the weak perturbation regime where electron
interaction effects can be probed with the techniques pre-
sented in this paper. By reducing the spatial extant of
the tip perturbation, the nature of the wavefunctions in-
side the quantum dots should be able to be probed in
these ultra clean nanotubes.
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